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A B S T R A C T
Manganese oxide-coated sand, MOCS, was synthesized and characterized by XRD, FTIR, SEM,
and EDX techniques, and was used for the adsorption of Pb(II) and Zn(II) from their aqueous
solutions. The metal ion concentration, contact time, MOCS dose and pH of the solutions
were optimized. Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherms were
studied and the maximum adsorption capacities for Pb(II) and Zn(II) were found to be 147.06
and 116.28 μg/g at 40 °C and 27 °C, respectively. These values are higher than many tested
adsorbents. The energy 0.011 and 0.079 kJ/mol for Pb(II) and Zn(II) indicated adsorption as
physical process. In thermodynamics the free energy change for Pb(II) ranged between −12.344
and −11.371 kJ/mol and that for Zn(II) ranged −9.638 to −11.155 kJ/mol between 27 and 40 °C
that predicted the spontaneity of process. The enthalpy change −39.816 and 25.574 kJ/mol
indicated the exothermic and endothermic nature of the adsorption of Pb(II) and Zn(II). Kinetic
studies indicated that Pb(II) adsorption followed pseudo-second order, whereas Zn(II) fol-
lowed partial pseudo-first and pseudo-second order rates. The adsorptions of both metals
were controlled by film diffusion step.
© 2016 Mansoura University. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction
The extensive industrial growth during the last century has
resulted into environmental pollution including water con-
tamination. Waste water discharge from industries such as
textiles, paper manufacturing, plastics, leather, food, antisep-
tics and dyes to water reservoirs has severely damaged water
quality [1]. Heavy metals are horrible non-biodegradable water
pollutants which are toxic and affect human being greatly. Lead
and zinc are two important heavy metals that are well-
known toxics, used in metallurgy, tannery manufacturing, paper
and pulp industries, metal products, paints and varnishes,
battery manufacturing industries, galvanizing plants, etc. [2].
Lead exists as Pb(II) in water that enters into food chains and
accumulates in soft tissues of the body. It is a known meta-
bolic poison and enzyme inhibitor that accumulates in bones,
brain, kidney and muscles and causes a variety of health prob-
lems such as anemia, nervous system deterioration, reduction
in fertility both in men and women, failure of kidneys,
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Alzheimer’s disease and bone problems [3]. Zinc is non-
biodegradable and travels through the food chain via
bioaccumulation and becomes harmful. Its unwanted inges-
tion for longer periods causes anemia, pancreatic damage,
protein metabolism disturbance, arteriosclerosis and respira-
tory disorders. Zinc exposure can be dangerous to unborn and
newly born babies through blood or milk of their mothers [4].
Due to the toxicities associated with these ions WHO has rec-
ommended maximum permissible limit of Pb(II) and Zn(II) in
drinking water as 0.01 and 5.0 mg/L [5,6]. Owing to the large
industrial applications and toxicity associated with Pb(II) and
Zn(II), these two ions were selected for the removal studies from
water. Various treatment techniques are available, including
reduction and precipitation [7], coagulation–flocculation [8],
electro-coagulation [9], adsorption [10], ion-exchange [11], reverse
osmosis [12], electrodialysis [13], and membrane and ultra mem-
brane filtration [14]. These techniques are usually expensive
and, sometimes, ineffective when the concentration of metals
is high [15]. Adsorption is universally accepted and the most
widely used method of water treatment as it involves the least
sophisticated instrumentation with easy operations and can
be operated with a wide range of adsorbents [16]. The simple
design, nontoxic, eco-friendly, low cost adsorbents, treat-
ment cost and mild conditions are criteria for selection of best
mode and adsorbent [17]. Researchers have developed various
organic and inorganic adsorbents for the removal of Pb(II) and
Zn(II) ions from aqueous solutions. Commercially available ac-
tivated carbon has been studied, but it is expensive and not
suitable at the industrial level. Therefore, the research is going
on to find alternatives of activated carbon. The oxides and hy-
droxides of transition elements have been used as adsorbents
owing to their good surface areas and affinity toward several
heavy metals [18]. These oxides may exist in colloidal form or
in nonmaterial form in aqueous solution giving large surface
areas for adsorption [19]. Separation of adsorbents from water
is a tedious job and requires costly sophisticated instru-
ments; therefore, this situation has led to a growing interest
in the application of metal oxide-coated adsorbents [16]. Large
numbers of absorbents have been prepared by coating metal
oxides on sand grains. The prominent include iron oxide-
coated sand [20], aluminum oxide-coated sand, etc. [21]. Metal
oxide-based adsorbents with distinguished properties, includ-
ing a high number of reactive sites, metal attractive behavior
and high surface area, were the choice for the removal of Pb(II)
and Zn(II) ions. MnO2, as a unique adsorbent, is an acidic oxide
having negative surface charge in the normal pH range of water
that can attract positively charged heavy metal ions [22]. To
have benefit of high surface area, negative surface charge, it
was decided to use it for the adsorption of Pb(II) and Zn(II) ions
from their respective solutions. Manganese oxide has been
coated on bentonite [23], resins [24], granular activated carbon
[25], zeolite [26] and carbon nanotubes [27] to prepare adsorbents
that have been exploited for pollutant removal. Li et al. [28]
prepared and used manganese oxide coated graphene oxide
for the defluoridation of water. Dang et al. [29] coated silica
with amorphous manganese oxide and used as an efficient
catalyst for degradation of organic pollutant. Abdel Salam [30]
used multi-walled carbon nanotubes/manganese oxide
nanocomposite (MWCNTs/MnO2) for the removal of Pb(II) from
aqueous solution. Manganese oxide is a versatile, low cost
adsorbent that was coated on an inexpensive support, sand.
Only few papers are available where manganese oxide has been
coated on cheap source and used for the adsorption of Pb(II)
or Zn(II). Even if few papers are available, these studies have
some drawbacks, like high contact time, high dosage, low ad-
sorption capacity and incapability to work under natural water
conditions [31]. No detailed mechanism had been given any-
where in literature.Therefore, in the present paper efforts were
made to coat manganese oxide onto river sand for the prepa-
ration of an adsorbent for the removal Pb(II) and Zn(II) from
aqueous solution. Detailed mechanism, isotherm and ther-
modynamic studies had been discussed herein.
2. Experimental
2.1. Materials and methods
A.R. grade Pb(NO3)2, Zn(NO3)2·4H2O, MnCl2, KMnO4,
Cetyltrimethylammonium bromide (CTAB), Cetylpyridinium
chloride (CPC), dithizone and Xylenol orange (XO) were pur-
chased from Merck India (New Delhi).The pH meter (Model APX
175 E/C) by Control Dynamics Instrumentation Pvt. Ltd. (Ban-
galore, India) was used to measure pH of the solution. XRD
diffraction of adsorbent was recorded on Philips PW-3710
Diffractometer using Cu-Kα radiation (λ = 1.54 Å) fitted with Cu
filter, at a generator voltage of 35 kV and 30 mA current, and
a counter detector. FESEM (Nova NanoSEM 450, FE1) equipped
with EDX (Bruker 127 eV) was used to study the surface texture
and elemental compositions. FT-IR spectrum was recorded on
VERTEX 70/70v spectrophotometer (BRUKER). UV/Vis. spectro-
photometer (model T80-UV/VIS) (PG Instruments Ltd.,
Leicestershire, England) was used for detecting lead and zinc
ions in solution.
2.2. Preparation of MOCS
Manganese oxide was coated on the sand by following proce-
dure reported in the literature [32,33]. Sand was collected from
local river Yamuna which was sieved to get different size grains.
The sand particles of size 106–125 μm was treated with H2O2
and HNO3 to remove any organic material and surface depos-
ited oxide. Fifty grams of this sand was added to 250 mL of
0.05 M MnCl2 solution in a 500 mL beaker.The mixture was con-
stantly stirred on magnetic stirrer at 60–70 °C and 0.1 N NaOH
solution was added drop wise to keep pH at 9.0. Then, 200 mL
of 0.05 M KMnO4 solution was added drop wise into the sus-
pension while keeping vigorously stirred. The solution turned
to dark brown upon addition of KMnO4 solution, indicating the
formation of MnO2 according to the reaction:
Mn MnO H O MnO H2 4 2 2+ − ++ + → +
The resulting MnO2 was to be deposited on the surface of
sand grain. This mixture was continued under stirring for 24 h
and then aged for 10 h. The coated sand was filtered, dried at
room temperature and kept at 160 °C in a furnace for 5 h. It
was subsequently cooled to room temperature, washed to
remove loosely attached oxide and finally dried at 105 °C. This
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sand was called manganese oxide-coated sand, MOCS, and was
kept in polypropylene bottles and used as adsorbent.
2.3. Preparation of Pb(II) and Zn(II) solutions
Of the stock solutions of Pb(II) and Zn(II), 100 ppm stock so-
lutions of Pb(II) and Zn(II) were prepared by dissolving 0.1598 g
Pb(NO3)2 and 0.3998 g of Zn(NO3)2·4H2O in one litre double dis-
tilled water. The different solutions of concentration 200–
1000 μg/L were prepared from these stock solutions by diluting
with double distilled water.
2.4. Determination of lead and zinc
The spectrophotometric method was used for the detection
of lead in the solution by forming complex with dithizone in
the presence of cationic micelles, CTAB [34]. Of the dithizone
solution, 5.0 mL was added to 100 mL neutral 1000 μg/L solu-
tion of Pb(II) in 250 mL flask. Then 2.0 mL of 0.1 M HCl was
added to this mixture followed by the addition of 5.0 mL of 0.3 M
CTAB. The violet-chelate complex was formed which ab-
sorbed at 500 nm and was measured against a blank. Similarly,
10 mL XO solution was added to 100 mL neutral 1000 μg/L so-
lution of Zn(II) in 250 mL flask and then 5.0 mL of CPC was
added at pH 6.0 [35]. The colored Zn(II) solution absorbed at
580 nm. Concentrations of both metal ions in the solution were
calculated by plotting a calibration curve using Microsoft Excel
sheet. Absorbance for 100, 200, . . ., 1000 μg/L concentrations
of both solutions were noted down at λmax and calibration curves
were drawn, and then from straight line equation unknown
concentration was calculated.
2.5. Batch adsorption studies
Batch experiments were carried out using a series of Erlen-
meyer flasks of capacity 50 mL covered with Teflon sheet to
prevent any foreign particle contamination or removal of metal
solution from the flask during shaking. Each experiment was
conducted twice, and the data given herein were the average
values. The effects of metal concentration, dosage of adsor-
bent, temperature, contact time and pH on adsorption were
studied by varying one variable while keeping all other pa-
rameters fixed. Isotherm experiments were performed by taking
different concentrations of Pb(II) and Zn(II) and optimum dosage
of adsorbent, contact time, fixed pH and at the desired tem-
perature. For kinetic experiments the optimum dosage of
adsorbent, contact time, and pH concentrations of Pb(II) and
Zn(II) were allowed to react for fixed interval of time. After the
completion of a particular experiment, solutions were centri-
fuged and concentrations of left out Pb(II) and Zn(II) were
determined in supernatant using UV–Vis spectrophotometer.
The metal uptake and percentage removal were calculated using
relationships:
Q C C
V
m
e o e= −( ) (1)
% adsorption =
−⎛⎝⎜ ⎞⎠⎟
C C
C
o e
o
100 (2)
where Co and Ce are the initial and equilibrium concentra-
tions of Pb(II) and Zn(II) in μg/L. Qe is the amount of Pb(II) and
Zn(II) adsorbed onto unit mass of adsorbent in μg/g.V is volume
of the sample in mL and m is weight of MOCS in g/L.
3. Results and discussion
3.1. Characterization of adsorbent
The prepared MOCS was characterized by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), scan-
ning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) techniques, and the point of zero charge
of MOCS was determined.
3.1.1. FT-IR and XRD studies
The spectral analysis was carried out to study the change of
surface of sand on coating with manganese oxide. FT-IR spectra
for uncoated and coated sands, recorded in the range 4000–
400 cm−1, are shown in Fig. 1A and 1B. The uncoated sand
showed peaks at 460 and 525 due to Si—O—Si rocking, and peak
at 780 cm−1 might be due to Si—O—Si asymmetric bending vi-
brations within the SiO4 tetrahedra of silica sand [36,37]. The
broad band at 1085 and a shoulder at 1180 cm−1 were as-
signed to asymmetric Si–O–Si stretching vibrations. IR signals
at 1680 and around 3280–3520 cm−1 were for bending and
stretching vibrations, respectively, of water molecule
Fig. 1 – (A) FT-IR spectrum `of uncoated sand and (B) FT-IR spectrum of manganese oxide-coated sand.
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attached to the surface of sand [38]. The shoulder that ap-
peared around 3680 to 3870 cm−1 was due to Si—OH stretching
caused by the interaction between Si—OH groups due to hy-
drogen bonding located at the surface of sand [39].
FT-IR spectrum of the MOCS (Fig. 1B) showed peaks around
380, 460, 540, 570, 632, 800, 1064, 1160, 1375, 1629, 2135, 2240,
2350, 2680, 3340, 3630 and 3700 cm−1. Absorption peaks ob-
served at 380 and 460 cm−1 might be due to the characteristic
bending and stretching of O—Mn—O bond, and the strong and
sharp peak at 570 cm−1 in the spectrum was due to the Mn—O
vibrational modes of MnO6-octahedra chain in MnO2 on the
surface of sand. The peaks around 800 and 1064 cm−1 might
have appeared due to Si—O—Si asymmetric bending and
stretching vibrations within the SiO4 tetrahedra after coating
of sand with MnO2 [40]. An absorption peak at 1160 cm−1 was
related to Mn—OH functional group [41]. IR signals at 1629
and around 3330–3630 cm−1 were for bending and stretching
vibrations of O—H of water [42].The peak at 2350 cm−1 is a com-
binational band that was due to bending and vibrational modes
of H—O—H. Peaks at 2135, 2240, 2680, and 3700 cm−1 might be
due to O—H bending and stretching vibrations of water bound
on the manganese oxide structure [43].
Powder X-ray diffraction patterns of native sand (Fig. 2A)
showed peaks at 27.01 with d spacing = 3.30, 40.42 (d = 2.29),
50.10 (d = 1.82), 50.29 (d = 1.82), 55.19 (d = 1.66), 60.14 (d = 1.54),
67.74 (d = 1.38) and 68.61° (d = 1.37) (2θ). The peak at 50.10° (2θ)
was major having the highest intensity (963 a.u.), and when
the angular data were compared with XRD data of Indian stan-
dard sand, the test sand turned out to be quartz with some
impurities [44].The XRD pattern of MOCS showed peaks at 13.6
(d = 6.5), 26.92 (d = 3.31), 50.19 (d = 1.82), 55.15 (d = 1.65), 60.15
(d = 1.537), 64.42 (d = 1.45), 68.46 (d = 1.37), 70.34 (d = 1.34) and
75.81° (d = 1.26) (Fig. 2B). Three peaks observed at 13.6, 26.92
and 68.46° (2θ) in the MOCS correspond to δ-MnO2 with sig-
nificant deviations due to Mn—O and Si—O interactions. These
peaks revealed that manganese oxide formed at the surface
of sand was δ-MnO2 polymorph. Although the relative inten-
sities were slightly different because of bonding with sand
surface, the δ-MnO2 structure was intact, indicating that all of
the oxide material deposited on sand grain had similar crystal
structure; moreover, the strong XRD peaks indicated the well
crystallized structure of MnO2 [45].
3.1.2. SEM and EDX analysis
SEM image (Fig. 3A) of native sand at 20,000 magnifications
showed rough texture with some pores. The images at 5000
magnifications (Fig. 3B) showed that sand grains after coating
had become smooth and the surface had been covered by oxide
of manganese. EDX graph showed the elemental composi-
tion of MOCS, with 53.05% Mn, 49.98% O, 0.57% Si, 1.67% Cl and
3.21% K (Fig. 4).The percentage of Mn and O suggested the pres-
ence of MnO2 on sand surface. Insignificant Si percentage
suggested that the surface had been covered to the good extent.
The presence of traces of Cl and K was due to trapping of these
ions in the layered crystals of δ-MnO2.
3.2. Adsorption studies
3.2.1. Effect of adsorbent dose
The optimization of dosage of MOCS required for 500 μg/L con-
centrations of Pb(II) and Zn(II) was carried at room temperature
in the range 2.0–12 g/L. The solutions of both metal ions at pH
6.0 were agitated for 90 min. The adsorption of Pb(II) in-
creased from 37.77 to 83.33% when the amount of MOCS was
increased from 2.0 to 8.0 g/L, and became almost constant after
this dose, whereas adsorption of Zn(II) increased from 12.14
to 88.93% when MOCS amount was raised from 2.0 to 8.0 g/L
and became nearly constant after 8.0 g/L. Therefore, 8.0 g/L
amount of MOCS was an optimum dose for 500 μg/L concen-
tration of Pb(II) and Zn(II) solutions. The increase in adsorption
with the increase in the amount of MOCS was attributed to
the number of binding sites available for both Pb(II) and Zn(II)
ions [46]. Higher adsorption of Zn(II) in comparison to Pb(II)
might be due to difference in size and electro-negativities [47].
3.2.2. Effect of initial concentration
Concentration of Pb(II) and Zn(II) solutions was optimized
by using optimum dosage of MOCS in the concentration range
Fig. 2 – XRD spectra of (A) un-coated sand and (B) MOCS.
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200–1000 μg/L. The pH of both solutions was fixed at 6.0, and
the contents were agitated for 90 min at room temperature.
The adsorption efficiency of MOCS highly depended on the
initial concentrations of metal ions in the solutions. The ad-
sorption of Pb(II) decreased from 95.0 to 78.57% when
its concentration was increased from 200 to 700 μg/L and
became almost constant. Therefore, 700 μg/L was an optimum
concentration of Pb(II) solution for 8.0 g/L dose of MOCS. For
the same concentration range the adsorption of Zn(II)
decreased from 96.42 to 87.50% and became almost constant
at 800 μg/L. Further decrease in adsorption with the in-
creased amount of MOCS was not significant.Therefore, 800 μg/L
was an optimum concentration of Zn(II) for 8.0 g/L dose of
MOCS.The decrease in percentage adsorption of both Pb(II) and
Zn(II) ions from their solutions was due to saturation of binding
sites at particular concentration, and further added metal ions
remained in the solution which caused lower percentage ad-
sorption [48].
Fig. 3 – SEM images of (A) un-coated and (B) MOCS.
Fig. 4 – EDX graph of MOCS.
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3.2.3. Effect of contact time
Contact time, which determines the suitability of adsorption
system, was optimized for the maximum removal of Pb(II) and
Zn(II) at 800 μg/L concentrations, 8.0 g/L dose of MOCS, pH 6.0
and at room temperature. Pb(II) and Zn(II) solutions were agi-
tated for contact time range 15–150 min. Adsorption of Pb(II)
increased from 22.20 to 77.80% and that of Zn(II) increased
from 24.55 to 87.05% when contact time was raised from 15
to 90 min. On further raising the contact time up to 150 min
the adsorption increased, but was slow; therefore, 90 min was
considered as optimum time for both metals. The adsorption
process consisted of two phases, i.e. initial phase with rapid
adsorption that involved 90 min time and the second phase
started after 90 min, and there was no remarkable increase in
the adsorption on augmenting the contact time up to 150 min.
The first phase was instantaneous external surface adsorp-
tion, while in the second phase the pores on the surface of
adsorbent were filled and the rate became slower and reached
a plateau [49].
3.2.4. Effect of pH
The pH of water determines the applicability of adsorption
system on real situation. The pH of Pb(II) and Zn(II) solutions
was fixed by adding 1 M HCl and NaOH as per requirement
using pH meter. The pH effect on the adsorption of Pb(II) and
Zn(II) was investigated with optimized experimental param-
eter at room temperature by varying pH in the range 2.0–12.
The adsorption of Pb(II) increased from 31.43 to 88.57% when
the pH value of the solution was raised from 2.0 to 12. But ad-
sorption equilibrium was attained around pH 6.0 with 82.86%
removal. Similarly, adsorption of Zn(II) increased from 69.20%
to 87.50% when the pH value was changed from 2.0 to 7.0 and
increased further to 95.09% at pH 12. The pH dependent ad-
sorption behavior might be explained by considering the
protonation of active sites on the surface of MOCS. At lower
pH, MOCS surface was highly protonated; therefore, adsorp-
tion sites became positively charged. At lower pH there might
have been competition between H+ and the Pb(II) and Zn(II) for
binding sites which decreased the metal adsorption, whereas
at higher pH the MOCS surface becomes negatively charged
due to deprotonation caused by the presence of excessive OH−
ions in the solution. At higher pH the electrostatic interac-
tion between negatively charged MOCS surface and positively
charged Pb(II) and Zn(II) ions might had increased which pro-
moted adsorption. Moreover, the pHzpc of MOCS was found
at pH 6.35 and the electrostatic interactions between MOCS
surface and positively charged metal ions were less at lower
pH, which increased at higher pH [50]. Precipitation of the Pb(II)
as [Pb(OH)]+ and Pb(OH)2, and Zn(II) as Zn(OH)+, Zn(OH)2 and
Zn(OH)3 – at pH greater than 6.0 and could have resulted into
increased adsorption [51]. Therefore, for elimination of pre-
cipitation effect, and for considering the only adsorption
efficiency, pH of Pb(II) and Zn(II) solutions were kept lower than
the critical pH of hydroxide precipitation.Therefore, pH 6.0 was
optimum pH for both Pb(II) and Zn(II) ions.
3.2.5. Effect of temperature
Temperature is an important factor that affects the adsorp-
tion greatly. For studying the temperature effect the experiments
were performed at 27, 35 and 40 °C. Adsorption increased almost
for all concentrations of Pb(II) when temperature was raised
from 27 to 40 °C, indicating endothermic nature of the adsorp-
tion process. This could be due to activation and faster
movement of Pb(II) toward the coordinating sites of adsor-
bent, MOCS, at high temperature [52]. For Zn(II), the adsorption
decreased with increase in temperature from 27 to 40 °C, sug-
gesting the process to be exothermic type and less favorable
at high temperature.Thorough effect of temperature was tested
by applying various adsorption isotherms.
3.2.5.1. Langmuir isotherm. Langmuir isotherm is based on the
assumption that adsorption occurs at specific homogeneous,
active sites that are energetically equivalent on adsorbent
surface and the capacity of the adsorbent is finite [53]. The lin-
earized mathematical form of Langmuir equation is:
C
Q
C
Q Q b
e
e
e
o o
= +
1
(3)
where Qo is the amount of adsorbate adsorbed by a unit weight
of adsorbent for the formation of monolayer on the surface.
Qo is called adsorption capacity, which determines adsorbing
behavior of the material, an important quantity used to compare
different materials. b is Langmuir constant that is related to
the energy of adsorption or affinity of adsorbent toward ad-
sorbate. The values of these parameters were evaluated from
the slope and intercept of the Ce/Qe vs Ce plots (Fig. 5) for Pb(II)
and Zn(II). Qo for Pb(II) increased from 135.13 to 147.06 μg/g
(Table 1) when the temperature of the solution was raised from
27 to 40 °C, indicating adsorption as an endothermic process,
which was inconsistent with temperature effect. It means more
adsorption energy is supplied at higher temperatures to
enhance the physical binding of Pb(II) ion to the active site on
MOCS adsorbent. Thus, the adsorption capacity of Pb(II) in-
creased with the rise in temperature. Whereas the adsorption
capacity of Zn(II) decreased slightly from 116.28 to 113.63 μg/g
when the temperature was raised in the same range, indicat-
ing exothermic adsorption process. The Langmuir constant, b,
for Pb(II) were found to be 0.0071, 0.0092 and 0.0106 L/μg, and
that for Zn(II) were 0.0209, 0.0157 and 0.0135 L/μg at 27, 35 and
40 °C. The values indicated good binding of these two metal
ions to the surface of MOCS.
Langmuir constants were also used to find separation factor
(RL) using equation:
R
bC
L
e
=
+( )
1
1
(4)
RL value indicates the feasibility to be either unfavorable (RL > 1),
favorable (0 < RL < 1) or irreversible (RL = 0). For Pb(II) the sepa-
ration factor was found in the range 0.168–0.118 and for Zn(II)
it ranged 0.056–0.0833 between 27 and 40 °C. RL values range
between 0 and 1 for both metal ions, indicating favorability
of adsorption process between test temperatures [54]. The
regression coefficients for Pb(II) were 0.91, 0.97 and 0.93, whereas
that for Zn(II) were 0.97, 0.98 and 0.9927 at 27, 35 and 45 °C, re-
spectively. The regression coefficients for Pb(II) ions did not
approach unity, which indicated poor fitting of adsorption data
to Langmuir model. However, these coefficients for Zn(II) ions
approached unity and hence data fitted well to Langmuir model.
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3.2.5.2. Freundlich isotherm. Freundlich isotherm describes ad-
sorption on both homogeneous and heterogeneous surface of
adsorbent. Linearized form of Freundlich isotherm is:
log log logQ k
n
Ce F e= +
1
(5)
where kF {(μg/g) (L/g)1/n} and n are Freundlich constants. kF rep-
resents multilayer adsorption capacity at unit concentration
of adsorbate and is a relative measure of adsorption capacity
of adsorbents. n represents adsorption intensity which varies
with heterogeneity of the adsorbent surface. When n ap-
proaches to zero, the surface site heterogeneity increases. For
a favorable adsorption process n should be in the range 1–10
[55]. Both kF and n (Table 1) were calculated from the inter-
cept and slope of the plot of logQe vs logCe (Fig. 6) for both metal
ions at test temperature. For Pb(II), the values of n (1.8–2.1) come
out higher than unity, which indicated good adsorption in-
tensity over the concentration range 200–1000 μg/L. n values
increased when temperature was raised from 27 to 40 °C; in-
dicating higher favorability of Pb(II) adsorption at higher
temperature, i.e. endothermic process. Thus, Freundlich
Fig. 5 – Langmuir isotherms for Pb(II) and Zn(II) adsorption.
Table 1 – Isotherm parameters for Pb(II) and Zn(II) adsorption on MOCS at different temperature.
Metal
ions
Temp Langmuir Freundlich Temkin Dubinin–Radushkevich
Qo (μg/g) b (L/μg) RL R2 kF (μg/g) n R2 AT (L/g) bT (kJ/mol) R2 QD-R (μg/g) β R2
Pb(II) 27 °C 135.13 0.0071 0.168 0.91 4.064 1.795 0.99 0.0828 0.091 0.835 71.808 −80.41 0.667
35 °C 140.85 0.0092 0.135 0.97 4.909 1.838 0.98 0.101 0.0895 0.898 79.360 −83.3 0.823
40 °C 147.06 0.0106 0.118 0.93 7.345 2.127 0.98 0.168 0.1058 0.87 73.039 −81.91 0.821
Zn(II) 27 °C 116.28 0.0209 0.0562 0.97 2.611 2.203 0.92 4.856 0.119 0.953 72.966 −11.10 0.801
35 °C 114.94 0.0157 0.0735 0.98 2.377 2.114 0.98 5.055 0.103 0.965 68.511 −23.54 0.711
40 °C 113.63 0.0135 0.0833 0.99 2.217 2.024 0.97 5.186 0.1024 0.977 68.101 −39.08 0.717
Fig. 6 – Freundlich isotherms for Pb(II) and Zn(II).
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isotherm supplemented the results of Langmuir isotherm. kF
values increased from 4.064 to 7.345 μg/g when the solution
temperature was raised from 27 to 40 °C, which further indi-
cated endothermic nature of Pb(II) adsorption. The regression
coefficients (R2 = 0.98–0.99) were very close to unity (Table 1),
showing the well fitting of adsorption data for Pb(II) to
Freundlich model, as compared to Langmuir isotherm. For Zn(II),
n values (2.2–2.0) were also in the range of 1–10; however, it
decreased slightly with the rise in temperature of the solu-
tion from 27 to 40 °C. Thus Zn(II) showed less favorability at
higher temperature (exothermic adsorption) and similar results
had been concluded from Langmuir isotherm. Therefore,
Freundlich isotherm supplemented Langmuir isotherm for both
metal ions. kF values (2.6–2.2 μg/g) decreased with the rise in
temperature, suggesting low adsorption capacity of MOCS for
Zn(II) at higher temperature and the results were again similar
to Langmuir isotherm. The regression coefficients (R2 = 0.92–
0.98) were not very close to unity (Table 1), showing the poor
fitting of adsorption data for Zn(II) to Freundlich model, as com-
pared to Langmuir isotherm.
3.2.5.3. Temkin isotherm. Temkin isotherm is based on the as-
sumption that the heat of adsorption of all molecules in the
layer decreases linearly with the coverage of adsorbent surface.
The isotherm is applicable for adsorption on heterogeneous
solid adsorbent surface and liquid adsorbate. The linearized
mathematical form of Temkin isotherm is:
Q
RT
b
A
RT
b
Ce
T
T
T
e= +ln ln (6)
where R and T are universal gas constant (8.341 J/mol/K) and
temperature in Kelvin scale. AT (L/g) and bT (kJ/mol) are Temkin
constants that are related to the maximum binding energy and
heat of adsorption, respectively. Constants, bT and AT, for Pb(II)
and Zn(II) were calculated from the slope and intercept of Qe
vs lnCe plots (Fig. 7), respectively. AT values for Pb(II) in-
creased from 0.0828 to 0.168 L/g when the temperature of the
solution was raised from 27 to 40 °C, suggesting stronger
bonding between MOCS and Pb(II) at higher temperature. The
bT values or heat of adsorption for Pb(II) increased with the rise
in temperatures (Table 1). These results were consistent with
Langmuir and Freundlich isotherms. AT for Zn(II) also in-
creased from 4.856 to 5.186 L/g when temperature was raised
from 27 to 40 °C. The values of bT decreased from 0.119 to 0.102
when temperature was raised from 27 to 40 °C (Table 1); there-
fore, heat of adsorption decreased with the rise in temperature,
indicating less adsorption feasibility at higher temperature.
Similar conclusions were obtained from Langmuir and
Freundlich isotherms.The regression coefficients for Pb(II) varied
between 0.83 and 0.87; therefore, adsorption data did not fit
to Temkin isotherm. However, for Zn(II), the regression values
ranged 0.95–0.977, and thus adsorption data fitted to Temkin
isotherm model.
3.2.5.4. Dubinin–Radushkevich isotherm. Dubinin–Radushkevich
(D–R) isotherm was applied to determine the nature of bonding
between adsorbate and adsorbent. The linear form of D–R iso-
therm is represented as:
ln lnQ Qe D R= −− βε2 (7)
where QD-R is theoretical saturation capacity of adsorbent (μg/
g) and β (mol2/kJ2), a constant that is related to mean free energy
of adsorption per mole of the adsorbate. ε is Polanyi poten-
tial, a function of adsorbate concentration that is represented
by the relationship:
ε = +⎛⎝⎜ ⎞⎠⎟RT Celn 1
1
(8)
Slope and intercept of lnQe vs ε2 plot (Fig. 8) give the values
of β and QD-R, respectively. QD-R values for Pb(II) decreased from
79.36 to 73.04 μg/g, whereas for Zn(II) QD-R decreased slightly
from 72.97 to 68.10 μg/g (Table 1) with the rise in temperature
of solution from 27 to 40 °C. The change in free energy in-
volved for the transfer of one mole of metal ions from infinity
in the solution to the surface of MOCS was calculated from
β value using the following relationship:
E =
−( )
1
2β (9)
Fig. 7 – Temkin isotherms for Pb(II) and Zn(II).
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For Pb(II) and Zn(II), E values came out 0.079, 0.077 and 0.078,
and 0.21, 0.14 and 0.11 kJ/mol at 27, 35 and 40 °C, respec-
tively.These energy values were less than 8.0 kJ/mol, suggesting
physical nature of adsorption process for both Pb(II) and Zn(II)
ions [56,57]. However the regression coefficients for Pb(II) were
0.667, 0.823 and 0.821, and that for Zn(II) were 0.801, 0.711 and
0.717; therefore, the adsorption data did not fit to isotherm
Dubinin–Radushkevich isotherm.
4. Adsorption thermodynamics
Thermodynamic parameters including Gibbs free energy change
(ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) were cal-
culated to evaluate the feasibility and nature of the adsorption
process. Thermodynamics of Pb(II) and Zn(II) adsorption from
their solutions onto MOCS with optimized parameters was studied
at 27,35 and 40 °C.The change in free energy is related to Langmuir
constant, b, as given in the following relationship:
ΔG RT bo = − ln (10)
ΔG° for Pb(II) slightly increased from −12.344 to −11.371 kJ/
mol (Table 2), whereas that of Zn(II) increased from −9.638 to
−11.155 kJ/mol when the temperature of their solutions was
raised from 27 to 40 °C. ΔG° values indicated slightly higher
spontaneity for Pb(II) adsorption than Zn(II) when the tem-
perature of their solutions was raised from 27 to 40 °C. Similar
observations were concluded from Langmuir and Freundlich
isotherms. However, the negative values of ΔG° confirmed the
spontaneity of the adsorption process for Pb(II) and Zn(II) ions.
ΔG° is also related to ΔS° and ΔH° by the following equation:
Δ Δ ΔG
RT
H
RT
S
R
o o o
= − (11)
Intercept and slope of plot ΔG°/RT vs 1/T (not shown) give
the values of ΔS° and ΔH°, respectively. ΔH° for Pb(II) and Zn(II)
were found to be −39.816 and 25.574 kJ/mol, respectively. ΔH°
values suggested that the adsorption of Pb(II) was more spon-
taneous than Zn(II). These values further suggested that Pb(II)
adsorption might have followed ion-exchange mechanism,
whereas Zn(II) followed physical process [58]. ΔS° for Pb(II) and
Zn(II) were found to be 0.0914 and −0.1174 kJ/mol/K, respec-
tively.The positive entropy change for Pb(II) might be attributed
to the release of two H+ ions by one Pb(II) on the hydrated
surface of MOCS [59], whereas Zn(II) might have electrostatic
interaction and electrons present in d orbitals might be playing
a role.
5. Adsorption kinetic studies
Kinetic study of process is necessary to obtain information about
the adsorption mechanism, which is crucial for the practical-
ity of the process. The mechanism of the adsorption process
depends on the physical and chemical characteristics of the
adsorbent and adsorbate. The mechanism and rate of adsorp-
tion were proposed by fitting the experimental kinetic data to
pseudo-first, pseudo-second and Elovich kinetic models.
Fig. 8 – Dubinin–Radushkevich isotherms for Pb(II) and Zn(II).
Table 2 – Thermodynamic parameters for Pb(II) and
Zn(II) adsorption.
Metal
ions
Temp
(K)
ΔG°
(kJ/mol)
ΔH°
(kJ/mol)
ΔS°
(kJ/mol/K)
Pb(II) 300 −12.344 −39.816 0.0914
308 −11.802
313 −11.371
Zn(II) 300 −9.638 25.574 −0.1174
308 −10.627
313 −11.155
295e g y p t i an j o u rna l o f b a s i c and a p p l i e d s c i e n c e s 3 ( 2 0 1 6 ) 2 8 7 – 3 0 0
5.1. Pseudo-first order model
The pseudo-first order rate equation was proposed by Lagergren
and is widely used for the adsorption of liquid/solid system
[60]. The linear form of Lagergren equation is generally ex-
pressed as:
log log
.
Q Q Q
k
te t e−( ) = − 1
2 303
(12)
where k1 (min−1) is pseudo-first order rate constant at equilib-
rium. Qe, and Qt are adsorption uptake of adsorbate at
equilibrium and at time t (min), respectively. Slope and inter-
cept of the straight line plot log(Qe−Qt) vs t give the values of
k1 and Qe, respectively. The pseudo-first order plots for Pb(II)
and Zn(II) are shown in Fig. 9. The values of k1 for Pb(II) and
Zn(II) obtained from the straight line plot were 0.0529 and
0.0368 min−1, respectively. The values of regression coeffi-
cients were 0.930 and 0.964, which suggested that plots for Pb(II)
and Zn(II) were linear over a wide range of initial concentra-
tions. But values of Qe calculated from this straight line differed
appreciably from the values of Qe obtained experimentally. The
Qe for Pb(II) was 50.5% higher than the experimental values
(Table 3). However, for Zn(II) the two values matched closely.
Therefore, pseudo-first order kinetic model described Zn(II) ad-
sorption, whereas Pb(II) adsorption did not followed pseudo-
first order kinetics.
5.2. Pseudo-second order model
The metal species are held at appropriate ion-exchange sites
on the surface by chemical bond formation. Pseudo-second
order model [61] suggests that both number of adsorption sites
on the material surface and concentration of adsorbate ions
in the liquid phase determine the rate. The linearized form of
model is:
t
Q h
t
Qt e
= +
1
(13)
where h = k2Qe2 and k2 are initial and overall rate constants for
adsorption which can be calculated from slope and intercept
of plot t/Qt vs t. Pseudo-second order plots for Pb(II) and Zn(II)
are shown in Fig. 10. k2 for Pb(II) adsorption was found to be
2.594 × 10−4 μg/g/min and smaller than initial rate constant,
h = 2.595 μg/g/min. This showed that the rate of Pb(II) adsorp-
tion was much faster at the beginning and slowed down with
the passage of time. The regression coefficient values (Table 3)
for Pb(II) and Zn(II) were 0.996 and 0.998, which indicated the
better suitability of pseudo-second order kinetics in the ad-
sorption process, as compared to pseudo-first order model.
Moreover, theoretical value of Qe for Pb(II) was 100.0 μg/g and
experimental value at 90 min was 68.75 μg/g. Therefore, Pb(II)
adsorption followed pseudo-second order kinetics. For Zn(II)
adsorption the theoretical value of Qe was 111.11 μg/g, which
Fig. 9 – Pseudo-first order kinetic plots for Pb(II) and Zn(II).
Table 3 – Kinetics parameter for Pb(II) and Zn(II) adsorption.
Metal Pseudo-first
order
Second order Elovich kinetic
model
Film diffusion
model
Intraparticle
diffusion model
k1
(1/min)
Qe(cal)
(μg/g)
R2 k2
(10−5)
Qe(cal)
(μg/g)
R2 α (μg/
g/min)
β
(μg/g)
R2 kfd Intercept R2 kipd
(μg/g/min0.5)
Intercept R2
Pb(II) 0.0529 143.88 0.93 2.595 100.0 0.996 84.942 0.0455 0.996 0.047 0.310 0.921 5.843 12.15 0.986
Zn(II) 0.0368 93.972 0.964 0.1813 111.11 0.998 10.0255 0.0422 0.977 0.038 0.047 0.964 6.113 26.39 0.910
Fig. 10 – Pseudo-second order kinetic plots for Pb(II) and
Zn(II).
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differs significantly from experimental values of Qe (Table 3).
Thus Pb(II) adsorption followed pseudo-second order kinet-
ics, whereas Zn(II) adsorption followed partially pseudo-first
order and pseudo-second order kinetics [55].
5.3. Elovich kinetic model
Elovich kinetic relationship, developed by Zeldowitsch in 1934,
is suitable to describe second order kinetics assuming that the
actual solid surfaces are energetically heterogeneous. Thus the
model describes the rate of chemical adsorption on energeti-
cally heterogeneous surface [62].The mathematical relationship
in linearized form is:
Q tt = ( ) +1 1β αβ βln ln (14)
where α (μg/g/min) is the initial adsorption rate and β (g/μg)
is related to the extent of surface coverage and activation energy
for chemisorption. The initial adsorption rate, α, and the de-
sorption constant, β, were calculated from slope and intercept
of straight line plot between Qt and ln(t) for Pb(II) and Zn(II)
(Fig. 11). α value for Pb(II) was found to be 84.942 μg/g/min, which
was greater than β value (0.0455 g/μg); therefore, the rate of ad-
sorption was much higher than the rate of desorption. This
showed the viability of adsorption process. On the other hand,
for Zn(II), α value was 10.0255 μg/g/min, which was greater
than β (0.0422 g/μg); therefore, the rate of adsorption was again
much higher than desorption. Thus α and β values showed the
viability of Pb(II) and Zn(II) adsorption onto MOCS. High re-
gression coefficients of 0.996 and 0.977 (Table 3) for Pb(II) and
Zn(II) indicated well fitting of adsorption data to Elovich kinetic
model.
5.4. Adsorptive diffusion
Transfer of metal ions from solution to the adsorbent surface
is a complex phenomenon, the mechanism of which in-
volves external mass transfer, film diffusion, intraparticle
diffusion and chemical binding. Single or combinations of these
steps controls the rate of adsorption. In most cases mass trans-
fer is a fast process, and therefore liquid film diffusion or
intraparticle diffusion might control the adsorption.
5.4.1. Intraparticle diffusion
Once adsorbed on the surface, solute particles diffuse into the
pores on the surface of adsorbent and form bonding, which
may be the rate determining step [63]. Weber and Morris
intraparticle diffusion model is given:
Q k t Ct ipd= +0 5. (16)
where kipd (μg/g/min1/2) is the rate constant for intraparticle dif-
fusion. kipd can be found from slope of plot Qt vs t0.5. For an
adsorbing system the straight line should pass through the
origin and the intercept value provides an idea about the de-
viation from intraparticle diffusion model or contribution of
the film diffusion mechanism [64]. kipd for Pb(II) and Zn(II) ad-
sorption were observed to be 5.843 and 6.113 mg/g/min1/2
(Fig. 12). The regression coefficients for Pb(II) and Zn(II) were
0.986 and 0.910; therefore, plots were straight line but did not
pass through the origin and had intercepts 12.15 and 26.39,
which suggested that adsorption of Pb(II) and Zn(II) did not
depend on intraparticle diffusion step.The intraparticle process
depends on the size of the particle to be adsorbed and size of
the pores on the surface of adsorbent.Therefore, in the present
case size of Pb(II) and Zn(II) ions should be larger than the size
of pores on the adsorbent, and SEM image showed that the
MOCS surface is smooth.
5.4.2. Liquid film diffusion
The liquid film diffusion model [65] was employed to investi-
gate whether interface between solid and aqueous phase played
a role during the transportation of the adsorbate from solution
to the adsorbent. If film diffusion is rate controlling step, then
the rate will depend on the thickness of film surrounding the
adsorbent particle. The linearized mathematical form is:
ln 1 −( ) = − +F k t Cfd (15)
where F = Qt/Qe and kfd are fractional attainment of equilib-
rium and film diffusion rate constant, which can be obtained
Fig. 11 – Elovich kinetic plots for Pb(II) and Zn(II). Fig. 12 – Intraparticle diffusion kinetics for Pb(II) and Zn(II).
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from slope of the plot ln(1 − F) vs t. Straight line plots (Fig. 13)
gave the values of kfd = 0.047 μg/g/min for Pb(II) with inter-
cept 0.310 and that for Zn(II) 0.038 μg/g/min with intercept 0.047.
The insignificant non-zero intercept values indicated that the
film diffusion mechanism might be followed by both metal ions.
Smaller deviations might be due to the shear on the particles
during agitation, which considerably reduced the thickness of
the aqueous layer surrounding the particles. Thus boundary
layer resistance or film diffusion might be rate-limiting step
in both metal ions adsorption.
6. Regeneration of adsorbent
For economical viability, MOCS was regenerated and used in
a cyclic operation [66]. MOCS was subjected to adsorption
process at 10 mg/L concentration of both Pb(II) and Zn(II). The
exhausted MOCS was regenerated using 1.0 N NaOH and 70%
Zn(II) and 56% Pb(II) desorption was achieved. The regener-
ated MOCS was used for the second cycle of adsorption–
desorption. In the second cycle adsorption for Pb(II) and Zn(II)
reduced by about 10% of the first cycle.
7. Conclusion
The water pollution caused globally by toxic heavy metals due
to discharge of industrial wastewater may be resolved by ad-
sorption onto adsorbents. Two most toxic heavy metals, Pb(II)
and Zn(II), had been removed by MOCS. Adsorption depended
on pH and temperature and followed both Langmuir and
Freundlich isotherms. High Langmuir monolayer adsorption ca-
pacities for Pb(II) and Zn(II) at three temperatures indicated
suitability of the adsorbent. Pb(II) adsorption followed pseudo-
second-order, whereas Zn(II) followed pseudo-first order kinetics.
The spent MOCS was regenerated using 1.0 N NaOH and reused.
Thus, MOCS represents a class of recyclable low cost adsorbents
that can be safely used for the removal of heavy metals from
industrial wastewater.
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